ABSTRACT The structure of six different tRNA molecules has been analyzed in solution by electrooptical measurements and by bead model simulations. The electric dichroism measured as a function of the field strength shows that tRNA's are associated with substantial permanent dipole moments, which are in the range of 1 * 10-27 cm(-300 D; before correction for the internal directing field). Rotational 
INTRODUCTION
Because the same general structure of tRNA molecules has been found by x-ray analysis of several tRNA species and also of different crystal forms (1) (2) (3) (4) (5) it is commonly believed that this structure is maintained in solution. However, the evidence in favor of identical crystal and solution structures remained limited (6) (7) (8) (9) , partly because the results obtained by the methods available for the analysis of macromolecular structures in solution are not as unambigous as those obtained for crystal structures. Among the various procedures, NMR investigations provide the most detailed informations at the local structure level (10, 11) , but small uncertainties in the assignments of the local structure may add up to large uncertainties in the long range structure. Thus, for a complete analysis of macromolecular structures in solution various methods have to be combined. For assignments of long-range structures, rotational diffusion data are known to be most sensitive. In the case of tRNA's, this approach has been mainly used by measurements of fluorescence anisotropies (12) (13) (14) . Because external dyes have to be coupled to the tRNA's for these measurements Dr. Antosiewicz's permanent address is Department of Biophysics, Institute of Experimental Physics, University of Warsaw, 02-089 Warsaw, Poland. in most cases, the results have to be regarded with some caution because of potential ligand-induced changes of the structure. This problem may be avoided by measurements of electric dichroism (15) . We have used this method for a comparative analysis of several tRNA species. The experimental results have been analyzed quantitatively by bead model simulations (16) .
MATERIALS AND METHODS
All the tRNA's were from Boehringer Mannheim GmbH (FRG). The tRNA samples were dialyzed extensively against several changes of the buffers used for measurements. In all cases the samples were annealed before the measurements by heating to 650C for 5 min (17) . We used the following buffers: A, 1 mM NaCl, 1 mM Na-cacodylate pH 7; B, 10 mM NaCl, 1 mM MgCl2 in addition to components of buffer A; C, 0.5 mM MgCl2 in addition to components of buffer A; D, 2 mM MgCl2 in addition to components of buffer A; CS, 100,uM spermine in addition to components of buffer C; DS, 100 MAM spermine in addition to components of buffer D.
The electric dichroism was measured by a pulse generator (18) and an optical detection system (19) described. We have used the strong emissions of a Hanovia mercury/xenon 600 W lamp at 248.2 and 280.4 nm for our investigations. The dichroism transients were first stored on a Tektronix (Beaverton, OR) 7912AD and then transferred to a LSI 11 /23 , where the signals were averaged and corrected for distortions of the diode grid (20) . As shown by tests with quartz-based sinus signals, the accuracy of the recording system was ± 1% after corrections. For the final evaluation, the data were sent to the facilities of the Gesellschaft fur wissenschaftliche Datenverarbeitung mbH (Gottingen) where an efficient deconvolution routine (21) was used for exponential fitting. The reference curves for deconvolution were measured with identical adjustments of the pulse generator and the detection system; the birefringence of water was used to simulate a fast system response. Stationary values of the dichroism were determined from complete records of electrooptical experiments transiently stored on a Tektronix 7612D; for evaluation of amplitudes by interactive graphic routines the data were transmitted to an LSI 11/23.
Because the electric field pulses do not only induce orientation effects, but also some temperature jump of the solution, the measured rotation time constants had to be corrected. We have used the temperature of the solution before the jump as standard and corrected for the temperature increase by using the usual viscosity/temperature conversion factor (cf. textbooks of biophysical chemistry). The temperature increase was calculated from the amplitude and the length of the field pulse (recorded by a Tektronix 7612D) together with the volume and the resistance of the measuring cell. At the highest field strengths used in the present investigation the temperature was increased in solutions of buffer B by standard pulses of 1.6 Fig. 1 for the case of tRNAval as a function of the electric field strength.
These data could be fitted at a high accuracy by an orientation mechanism assuming a permanent dipole moment (15) . According to the least squares fit, the dipole moment is 1.22 * 10-27 cm for tRNAval (in buffer CS).
This value has not been corrected for the difference between the external and the internal directing electric field because of the special tRNA structure, which cannot be described by simple standard models for correction.
For comparison we have fitted the same experimental data by an induced dipole model and found that the sum of the squared residuals is much larger (by a factor of -20) than that obtained for the permanent dipole mechanism. It is also evident by visual inspection that the increase of the reduced dichroism with the electric field strength is not consistent with an induced dipole mechanism (cf. Fig. 1 ). Nevertheless it is also obvious that the degree of tRNA orientation is far from complete and thus the assignment of the parameters cannot be perfect. In the case of tRNAPhC (yeast) the dependence of the electrooptical parameters on the buffer composition has been investigated in some more detail. The data measured in the complete absence of free multivalent metal ions, secured by addition of EDTA, can be fitted more accurately by an induced dipole mechanism, whereas a small We have also studied the pH dependence of the electrooptical parameters of tRNAPhC and found no variation in the pH range from 6.0 to 7.7 within the limits of the experimental accuracy. The existence of native tRNA structures under our experimental conditions has also been checked by measurements of UV melting curves in buffer B. For all tRNA molecules used in the present investigation, an increase of the absorbance at 260 nm was observed only for temperatures >400C. The main part of the absorbance increase corresponding to denaturation was found at temperatures >700C. This result supports our conclusion that the tRNA's are in their native structure under the conditions of our electrooptical measurements. According to a preliminary analysis of the rise curves at different electric field strengths, the rise curves apparently do not always completely approach the limit at low field strength, which is expected for permanent dipoles according to theory. The extrapolation of time constants to field strengths E = 0 from measurements in the range E > 35 kV/cm is rather difficult and requires data of particularly high accuracy. It should be expected that there is some contribution to tRNA orientation due to ion polarization in addition to that resulting from its permanent dipole moment. The magnitude of this contribution remains to be established.
BEAD MODEL SIMULATIONS

General
Bead models (16) are used to simulate hydrodynamic parameters of objects, which cannot be adequately represented by simple geometric bodies like spheres or ellipsoids. These simulations are also required to define dipole moments for objects with a net charge, because in this case dipole moments must be referred to the "center of diffusion" (cf. reference 24).
Construction of bead models
We start from the known crystal structure of tRNAPhC in the form published by Ladner et al. (25) and substitute each nucleotide by one bead. The center of each bead corresponds to the mass center of the nucleotides, which have been calculated under the assumption of equal masses of all atoms. The distance of the nucleotide atom, which is most remote from the mass center, is defined as Fig. 4 .
Hydrodynamic simulations
The resistance, diffusion and alignment tensors were calculated as described previously (16, 28 (32) . According to these authors the directions can be given by the positions of ring atoms as follows: adenine C4 C5, guanine C8-C2, cytosine C4 -N 1, and thymine NI C5. For the other bases found in tRNA we used the transition dipole moment of those standard bases, which are most closely related according to their chemical structure (e.g., uracil is assumed to be equivalent to thymine). For a simulation at 280 nm we used a direction of the transition dipole moment for guanine from C2 to C6 (cf. reference 32), whereas the corresponding directions for the other bases were assumed to be identical at 260 and 280 nm. The components of the local absorption tensors corresponding to each nucleotide were transformed to the coordinate system of the crystal structure and summed up to the absorption tensor of the whole macromolecule. The result was checked by summation starting from different initial coordinate systems.
Limiting reduced dichrolsm
First the eigenvalues are calculated for the alignment tensor (29) . In the limit of an infinitely high external electric field, the macromolecules are aligned such that the eigenvector of the alignment tensor corresponding to its maximal eigenvalue is parallel to the field. Thus, the components A,M A3,, and Az of the absorption tensor have to be calculated in the coordinate system of the principal axes of the alignment tensor. Finally, the limiting dichroism is calculated by 
Comparison of theoretical and experimental results
The calculated dichroism decay curves are composed of five exponentials (29) , which could not be resolved in the experiments. Because the experimental data were fitted by single exponentials, we used a corresponding least squares procedure to fit single exponentials to the calculated dichroism decay curves. In general the fitted single exponential curves could hardly be distinguished from the exact simulation data except in difference curves or difference correlation plots. Thus, at the given noise of the experimental data it is virtually impossible to extract more than single exponentials.
Results
The bead models have been used to simulate permanent dipole moments up, limiting values of the linear dichroism Ae./c corresponding to complete alignment in the electric field and average rotational diffusion time constants i. In all cases the data have been simulated for different numbers of bound Mg2, ions. As shown in Table 4 for tRNAPh, (yeast), the permanent dipole moment decreases with the number of bound Mg2+ ions, whereas the other parameters remain almost unaffected. The value of the permanent dipole moment is, of course, strongly dependent on the degree of charge compensation by counterions, which is not known exactly for the case of tRNA. We have based our calculations on effective charges corresponding to 15% of the total nominal charges, which has been estimated from polyelectrolyte theory (33) (34, 35) , a detailed analysis by electrooptical measurements has not been presented yet. Apparently, this is mainly due to technical reasons because the rotational diffusion of tRNA is rather fast and is relatively difficult to resolve with standard electrooptical facilities. Furthermore, the optical and the electrical anisotropy of tRNA is relatively small, when compared with DNA double helices, for example. Thus, only few reports appeared on this subject (36, 37) . We have been able to measure electrooptical data for various tRNA's at a particularly high accuracy by application of relatively high electrical field pulses with short rise and decay times and by evaluation of the transients with an efficient deconvolution technique. Our experimental data have been collected at much lower tRNA concentrations than (5) attribute the special structure of tRNAAP to base pairing of its anticodon and suggest that a corresponding conformation change induced by base pairing at the anticodon may be general for tRNA molecules (cf. reference 38). At present this problem is analyzed in more detail by further electrooptical measurements. It should be mentioned that the differences in the electrooptical data, which have been described above, need not be due to differences in the tRNA equilibrium conformations, but may also be explained by different degrees of flexibility, for example, at the L-hinge angle, the CAA end, and the anticodon loop.
In the case of tRNAPhC (yeast) the time constant derived from the dichroism decay may be compared with time constants evaluated from measurements of the fluorescence anisotropy. Claesens and Rigler (39) reported a time constant of 19 ns at 200C for the "native" tRNA, whereas Striker et al. (40) assigned three exponentials (0.39, 9.9, and 28.1 ns at lOOC). Apparently, the fast components are associated with local motions of wybutine; these appear with a relatively small amplitude for the "native" tRNA formed in the presence of Mg2' and a much larger amplitude for the "denatured" conformation induced in the absence of Mg2+, where fast components have also been identified by Claesens and Rigler. The time constant of the slow component observed in the fluorescence anisotropy decay is close to that derived from the dichroism decay, which is consistent with expectation. However, the accuracy of the rotational diffusion time constants derived from the fluorescence anisotropy decay is limited because of the relatively short decay time of the wybutine fluorescence.
The present investigation very clearly shows the high potential of quantitative electrooptical investigations for the characterisation of macromolecular structures in solution but also illustrates some limitations. Among the major advantages of electrooptical methods is the high sensitivity of dichroism (or birefringence) time constants with respect to molecular dimensions, the readily accessible information on the orientation of chromophores and the fact that measurements do not require large amounts of material. Furthermore, it is not necessary to introduce any spectroscopic labels, which may perturb the structure. However, a major problem associated with electrooptical measurements is the restriction to relatively low salt concentrations. Another problem may come from a special coupling of hydrodynamic, electric, and optical properties, which may cause confusion in the case of molecules with a complex shape and without symmetry like tRNA's. In such cases quantitative evaluations of electrooptical data are possible, when there is independent information on the molecular structure, as shown in the present investigation for the example of tRNAPhC. Then, it is possible to check overall molecular dimensions, the relative positions of charged residues and of chromophores with a particularly high accuracy. Thus, electrooptical measurements can be particularly useful for a comparison of structures in crystals and in solution. Furthermore, quantitative electrooptical procedures should be very useful for the analysis of conformation changes induced by, e.g., ligand binding.
